Introduction
The electrophysiological mechanisms that sustain atrial fibrillation (AF) are not fully understood. The main hypothesis is that a combination of focal firing from triggered activity and atrial remodelling facilitate re-entry, 1 creating the underlying conditions for AF. This remodelling is the result of structural and functional adaptive changes produced in the atrial wall and is a key factor in the onset, progression, and maintenance of AF. 2 Atrial fibrosis is part of the remodelling process as a response to inflammation, stretch or overload imposed by risk factors or by aging. 3, 4 In animal models, atrial fibrosis increases the predisposition to AF. 5 In addition, persistency of AF is a major determinant for increased tissue remodelling and fibrosis. 6 In a histological analysis of tissue samples obtained from patients with advanced structural disease, the areas more affected by interstitial remodelling in persistent AF were located in the left atrial (LA) wall around the pulmonary vein (PV) ostia. 7 In recent years, late gadolinium enhancement cardiac magnetic resonance (LGE-CMR) imaging has been recognized as a useful diagnostic and prognostic tool in non-invasive assessment of atrial myocardial fibrosis of patients with AF. [8] [9] [10] Fibrosis identified by LGE-CMR shows a correlation with areas of low voltage in electroanatomic mapping. 9 The aim of this study was to determine whether there is a preferential regional distribution of fibrosis in the left atrium, as assessed by LGE-CMR in patients with AF, and to identify any preferentially affected regions.
Methods

Sample population
A cohort of 113 consecutive patients with AF referred for a first ablation procedure under current guidelines 11 between May 2011 and March of 2015 and assessed by 3 Tesla LGE-CMR, obtained <7 days pre-ablation, were included. Baseline clinical and echocardiographic characteristics also were collected before the ablation procedure. The study was an observational prospective collection of clinical and LGE-CMR data in patients undergoing AF ablation. The protocol was reviewed and approved by the Hospital Clinic Ethical Committee. An informed consent was obtained from all patients.
Image acquisition and late gadolinium enhancement cardiac magnetic resonance post-processing Late gadolinium enhancement cardiac magnetic resonance image acquisition All LGE-CMR images were obtained <7 days prior to the ablation procedure. To guarantee good image quality, all were acquired in sinus rhythm and cardioversion was performed before the study when necessary. The acquisition protocol has been previously reported 12 and is extensively described in Supplementary material online (Section Methods: image adquisition). Briefly, 3D-LGE images were acquired 20 min after an intravenous bolus injection of 0.2 mmol/kg gadobutrol (Gadovist, BayerShering, Germany) in a 3-Tesla LGE-CMR scanner (Magnetom Trio, Siemens Healthcare, Germany) using a 3D free-breathing navigator and an electrocardiogram-gated inversion recovery gradient-echo sequence applied in axial orientation. Voxel size was 1.25 Â 1.25 Â 2.5 mm.
Image post-processing and left atrial segmentation Late gadolinium enhancement cardiac magnetic resonance studies with poor image quality or artefacts were excluded from the analysis. Left atrial wall was segmented using the ADAS V R image post-processing software (Galgo Medical, Barcelona, Spain). Epicardial and endocardial LA wall contours were manually drawn in each axial plane. To minimize endocardial and epicardial segmentation artefacts, ADAS constructed a mid-myocardial (50% thickness) layer and built a 3D shell that could be edited to ensure that it crossed through the wall ( Figure 1A) . Pulmonary vein at their ostia and the mitral valve were excluded from fibrosis analysis. Pixel signal intensity maps were obtained. Image intensity ratio (IIR) was calculated as the ratio between the signal intensity of each pixel and the mean LA blood pool intensity. 9 Image intensity ratio values were colour coded (fibrosis in red) and projected into the 3D LA shell ( Figure  1B ). Image intensity ratio >1.20 were considered fibrosis, following an study on healthy volunteers, as previously reported by our group.
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A detailed description of image post-processing is described in Supplementary material online (Section Methods:
LGE-CMR image postprocessing and fibrosis analysis).
Regional fibrosis analysis
Using a methodology that semi-automatically divides the atrium into anatomically meaningful regions, the presence or absence of fibrosis was analysed regionally in the 3D LA shell. Briefly, we defined 12 segments in a LA mesh that serves as a template ( Figure 1C) , using the open source MeshLab software (Visual Computing Lab, Pisa, Italy). Then we transferred this parcellation from the template mesh to our LA postprocessed shells, taking as reference the mitral valve and the PV ( Figure  2 ). After excluding PV, LA appendage, and mitral valve, 12 segments were established in the atrial wall:
• Segments 1-4, posterior wall: the boundaries of this area are the line between the superior edge of the ostium of superior PVs, the line that joins inferior and superior ostia of homolateral PV, and the line that joins the inferior edge of inferior PV.
• Segment 5 (left) and 6 (right), floor: the boundaries of these two equal-sized regions are the inferior posterior wall and the posterior aspect of the mitral annulus.
• Segment 7, interatrial septal wall.
• Segments 8-11, anterior wall: the boundaries are the high posterior wall and the anterior aspect of the mitral annulus and the LA appendage, excluded from fibrosis analysis due to high probability of technical errors in segmentation (Mitral valve is per se an area of hyper-enhancement and LA appendage morphology makes it difficult to assure to be delineating the atrial wall).
• Segment 12, left lateral wall: the boundaries are the anterior wall and the left floor (Segment 5); it includes the base of the LA appendage and part of the mitral isthmus region.
For each region, the percentage of fibrosis was calculated as the fibrotic area (IIR > 1.20) divided by total area. Further, we qualitatively What's new?
• In patients with atrial fibrillation (AF), the fibrotic area detected by late gadolinium enhancement cardiac magnetic resonance is preferentially located at the posterior wall and floor around the antrum of the left inferior pulmonary vein.
• Age >60 years is associated with increased left atrial fibrosis.
• There is a trend in the increase of fibrosis in patients with persistent AF.
recorded the presence or absence of fibrosis. Presence of fibrosis was considered when more than 2.5% of each segment was involved. Although any cut-off for existence of fibrosis is arbitrary and fibrosis means a continuum of severity, 2.5% represents the mean fibrosis observed at this threshold in a healthy population. 13 
Statistical analysis
Continuous variables are presented as mean ± standard deviation and compared with a t-test/Mann-Whitney test or one-way analysis of variance (ANOVA)/Kruskal-Wallis test. Categorical variables are summarized as total number (and percentage) and compared with a v 2 test. To compare regional fibrosis percentages between segments, we used one-way ANOVA adjusted by contrast multiplicity according to Bonferroni post hoc strategy. Linear correlation was used for correlations between LA fibrosis and continuous variables. Intra and inter-observer concordance was analysed using the Lin correlation coefficient. All analyses were performed using SPSS software for Windows, version 18.0 (Chicago, IL, USA). A P-value of 0.05 was considered statistically significant.
Results
The LGE-CMR images were evaluated by two expert operators (E.M. and N.C.) and after exclusions for poor quality, inadequate inversion time and artefacts, images from 76 (68%) patients [mean age (55 ± 10) years; 61 (80.3%) men] were considered for processing and analysis. Baseline characteristics, including prevalence of hypertension, diabetes, and structural heart disease, are shown in Table 1 . In 53.9% of the cases the arrhythmia was paroxysmal.
Mean CHA 2 DS 2 -VASc was 1.13. Other mean values of interest were LA anteroposterior diameter, as assessed by transthoracic echocardiogram in paraesternal long-axis view, 42.5 ± 5.3 mm; volume, 96.8 ± 29.6 mL; LA sphericity, 79.1 ± 3.2; percentage of atrial wall fibrosis in all patients, 8.48 ± 8.6% (excluding PV, LA appendage, and mitral valve).
Regional fibrosis analysis
The percentage of patients showing significant atrial fibrosis was 81.6%. Presence of fibrosis was defined as positive when it was LGE, late gadolinium enhancement.
Regional distribution of LA fibrosis in AF visualized in more than 2.5% of global atrium surface based in the threshold in our previous study. 13 Patients with fibrosis were more often men (83.7% vs. 74.1% NS) had a mean age of 55.48 (vs. 54.76 non significance (NS)), and a higher proportion of persistent AF type (53.1% vs. 33.3% P = 0.07), compared with patients without fibrosis. The regional analysis of fibrosis in these patients showed that native fibrosis was not uniformly distributed along the LA wall ( Table 2) .
Globally, the posterior wall and floor areas were more affected by fibrosis, with 17.49% ± 14.06 and 14.38% ± 13.83, respectively.
Posterior wall segments 3 and 5, corresponding to the area close to the left inferior PV, had significantly more fibrosis, compared with all other segments (40.42% ± 23.96 and 25.82% ± 21.24, respectively; P < 0.001). Segments 8 and 10 in the anterior area contained the lowest proportion of fibrosis (2.54% ± 5.78 and 3.82% ± 11.59, respectively; P < 0.001) (Figure 3) . A detailed Bonferroni post hoc analysis of multiple comparisons is described in Supplementary material online, Table S1 .
The intra and inter-observer Lin concordance correlation coefficients for global fibrosis percentage were 0.99 and 0.97, respectively.
Atrial fibrosis predictors
Age >60 years was the only clinical characteristic associated with increased percentage of LA fibrosis [95% confidence interval (CI) 0.19-8.39%, P = 0.04]. Persistent AF showed a trend toward association with increased fibrosis (95% CI -0.19% to 7.83%, P = 0.08). In our population, there was no association between fibrosis and other clinical and echocardiographic characteristics such as hypertension, diabetes, AF duration, LA volume, sphericity, or ejection fraction. This results are detailed in Supplementary material online, Table S2 .
Discussion
This study in patients with AF showed a preferential distribution of fibrosis detected by LGE-CMR around the posterior wall surrounding the ostium of the left inferior PV, compared with other LA locations. Age >60 years was the only clinical characteristic associated with Regional distribution of LA fibrosis in AF left inferior PV in patients with limited atrial remodelling is intriguing and has no obvious explanation. It could be interesting to analyse fibrosis at this location, which is anatomically close to the descending aorta, in experimental models. Permanent trauma caused by the impact of the aortic pulse on the atrial wall may potentially play a role in this fibrosis. Further studies are needed to explore this observation in depth.
Native regional atrial fibrosis: late gadolinium enhancement cardiac magnetic resonance assessment
Identification of the severity and location of fibrosis may be influenced by the methodology employed. Several groups have proposed algorithms to identify fibrosis at the atrial level in patients with AF. 8, 9, 13, 15 We did not find relevant differences in CMR acquisition protocols between groups that would give rise to substantial variances in fibrosis visualization. Discrepancies in total fibrosis amount and localization are determined by image post-processing and threshold of normality. The method described by Oakes et al. 8 uses a variable threshold ranging from 2 to 4 standard deviations above the mean for healthy myocardium intensity established by expert opinion making reproducibility difficult. This method could overestimate fibrosis for example, identifying a mean of 18.1% of pathological tissue in a cohort of AF patients, 10 a higher percentage than was observed in the present study, although their patients may have had more severe atrial disease. Contrary to our results, the lateral wall was the most affected segment in the cited study, followed by the posterior wall, and the post hoc analysis of regional fibrosis in their population also showed a high percentage of fibrosis on the anterior wall. 16 These variations in fibrosis location could be explained by a less restrictive threshold that would increase the amount of fibrosis equally throughout all the atrium. Using the same algorithm for fibrosis detection in a general population of cardiology patients, Cochet et al. 17 reported, a mean of fibrosis of 18.4 ± 8.9% of the LA wall. They observed that fibrosis was predominantly located at posterior wall irrespective of previous diagnosis of AF. 17 In this case and using the same Utah methodology, the lateral wall was the least affected segment. Taking a different approach, Khurram et al. 9 proposed a normalized signal IIR method to enable a more objective comparison between individuals. Although this is the same standardization we use, in their study, the threshold in patients with AF is based on the correlation between IIR and bipolar voltage maps obtained before an ablation procedure, defining IIR <0.97 as the cut-off for pathological native tissue. This threshold probably has higher sensitivity to detect fibrosis, at the cost of lower specificity, compared with the normalized IIR <1.20 calculated by our group, which was derived from a cohort of healthy young volunteers. 13 The mean LA LGE extent in their population was 14.1 ± 10.4%, significantly greater than in ours. Using the 0.97 threshold, Fukumoto et al. 18 have also reported a good correlation between IIR and local conduction velocity, especially in patients with persistent AF. Although they make no reference to the different detailed locations of fibrosis, the most affected areas they observed are adjacent to the left PV antra (the septo-pulmonary bundle region), 18 corresponding with segments 1, 3, and 5 in our study.
In fact, these areas correspond to a change in direction and thickness of fibres coming from the septo-pulmonary bundle that could make it more susceptible to remodelling. On the other hand, in disagreement with our results, the study of Rolf et al., 19 analysed the spatial distribution of low voltage areas (LVAs) in the electroanatomical mapping (sites of > _3 adjacent lowvoltage points <0.5 mV), involving the septum in 72% of cases, the anterior LA in 60%, the posterior wall in 51%, the atrial roof in 49%, and the inferior LA in 30%. Their study reported the presence of LVAs but not their extension.
Conditions associated with fibrosis
The risk factors that had previously been identified by LGE-CMR in cardiology patients are age, hypertension, history of cardiac disease, AF, and specifically persistent AF. 17 In our study, an older age was significantly associated with a higher amount of fibrosis, and persistent AF approached significance; both factors are known to be associated with more prominent remodelling. No patients in our series had long-standing persistent AF. The study by Hunter et al., 20 contains a large proportion of long standing persistent AF. Peaks in atrial wall pressure stress were predominant around the ostia of the PVs, which could explain why these areas are more affected by remodelling. In post-mortem specimens, long-standing persistent AF has been associated with more extensive fibrosis at all locations. 14 
Limitations
Some limitations of our work must be acknowledged. First, LGE-CMR signal intensities are influenced by individual characteristics such as body mass index, renal function, and haematocrit, which might limit the validity of the algorithms used. Second, small errors in technical and post-processing parameters may generate misinterpretations in the results. The accuracy of manual and semi-automated identification of the LA walls remains a critical aspect of image post-processing protocols, largely depending on investigator experience. These errors were minimized by using a mid-myocardial layer (50% of atrial wall thickness) that prevents against mild inaccuracies in boundary segmentation and including only those studies adequate image quality [hence the high proportion (36%) of exclusions]. Fibrosis analysis in LA appendage was also excluded because it was not considered sufficiently accurate in manual wall segmentation. Anatomical structures close to the atrial wall, especially regularly enhancing structures such as the mitral valve and aortic wall, could determine some degree of artefact, which was taken into account in our segmentations and exclusions. Segmentations have been performed carefully in order to identify and delimit precisely the boundaries of the atrial wall in order to differentiate them from scar.
Finally, we used a restrictive threshold, IIR < 1.20, to define the location of the most pathological tissue. Small changes in any threshold of a continuous variable might result in large changes in the percentage and location of fibrosis; nevertheless, our findings are consistent with histological effects as well as the low velocity conduction observed in another study.
Conclusion
The regional analysis of fibrosis assessed by LGE-CMR in a population of patients with AF showed a predominant distribution of the enhanced area at the atrium in the posterior wall and the floor adjacent to the antrum of the left inferior PV. The only clinical characteristic associated with a higher degree of fibrosis was age >60 years.
Supplementary material
Supplementary material is available at Europace online.
